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ABSTRACT 
Dielectr ic propert ies of (Pb'La)Zr0.55Ti0.4503 ceramics 
have been investigated as functions of temperature and 
frequency. The dielectr ic constant as a function of tempe- 
rature can be represented over a considerable temperature 
interval by a quadratic law of the type: e-l=e -I + max 
C(T-Tc')2. The permitt iv i ty versus temperature curves are 
strongly broadened around T c' (where e is at a maximum) 
and the dielectr ic behaviour is at least partly of a re- 
laxational nature. Interpretation of the dielectr ic beha- 
viour (broadening, frequency dependence, quadratic law) 
seems possible by assuming a distr ibut ion of local Curie 
temperatures; the standard deviat ion of which can be cor- 
related with the La concentration. 
Introduction 
Lead- lanthanum zirconate-t i tanate ceramics (PLZT) are mate- 
rials with interest ing electr ical  and optical propert ies (i). In 
a certain composit ion range a strong broadening of the e-T curve 
around the "Curie temperature" has been found, which is interes- 
ting from both scientif ic and appl ication points of view. Recent- 
ly this composit ion range has been studied by Carl and Geisen (2) 
and Meitzler and O'Bryan (3) for PLZT composit ions with a Zr/Ti 
ratio of 65/35. 
In this work special attention has been given to the depen- 
denc~ of the dielectr ic constant on temperature and frequency 
around the ' ferroelectr ic-paraelectric'  phase transition. There 
have been investigated (Pb,La) (Zr,Ti)O 3 ceramics with a Zr/Ti 
ratio of 55/45 and variable La content~ (2-15 at.%). With this 
Zr/Ti ratio the phase diagram is somewhat simpler and the only 
ferroelectric phase occuring has tetragonal symmetry. 
Study of the dielectr ic propert ies of PLZT ceramics has ta- 
ken place in comparison with material  systems with a comparable 
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Temperature  dependence of 
the d ie lectr ic  constant 
for. PLZT x/55/45. 
crysta l  s t ructure and in which the 
same latt ice pos i t ion  has been occu- 
p ied by d i f fe rent  ions. 
Exper imenta l  Procedures  
In (4) there has been given a 
genera l  descr ip t ion  of the used pro- 
cedures. Only some remarks wi l l  be 
made here. 
The fo l lowing formulat ion  is 
in t roduced for the descr ip t ion  of the 
d i f fe rent  compos i t ions:  PLZT x/55/45,  
in which x is the var iab le  lanthanum 
concentrat ion.  
Al l  PLZT ceramics used here have 
been s intered at 1250°C dur ing 16 
hours to achieve coarse -gra ined  cera- 
mics. The dens i ty  of the s interedqce-  
ramics var ied from 7.60-7.72 g/cm ~, 
whi le  the average gra in size was lar- 
ger than 5 ~m. 
The d ie lect r i c  measurements  
have been made wi th  a Wayne Kerr  Uni-  
versal  Br idge B221 in the f requency 
range from 1-50 KHz and with a Wayne 
Kerr  Radio F requency  Br idge B601 in 
the f requency range from 50-500 KHz. 
At room temperature  some hyste-  
res is  loops (P-E plot) have been mea- 
sured wi th  an exper imenta l  set-up as 
used by Carl  and Geisen (2). 
Resul ts  
D ie lec t r i c  Measurements  
The temperatures  at wh ich  e' 
and tan6 are at a max imum are def ined 
as respect ive ly  T c' and T t. It must 
be remarked that T c' is the tempera-  
ture where e' is at a max imum and 
needs not to be the Cur ie temperature,  
at which the phase t rans i t ion  ferro- 
e lect r ic  (FE) - parae lec t r i c  (PE) oc- 
curs in c lass ica l  fer roe lect r ics  as 
e.g. coarse -gra ined  BaTiO 3. 
The results,  as part ly  repre-  
sented in Figs. 1 and 2, show that in 
the compos i t ion  range 8-14 at.% La 
a re la t ive ly  strong broaden ing  of the 
e'-T and E"-T curves occur  compared 
w i th  the curves for coarse -gra ined  
BaTiO 3. This b roaden ing  increases wi th  
increas ing La concentrat ion,  whi le  at 
the same time the max imum value of e' 
(e'ma x) decreases.  The values of T t 
and T c' decrease wi th  increas ing  La 
concentrat ion,  whi le  the d i f fe rence  
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between T t and T c' inc reases)w i tn  in- 
c reas ing La concent ra t ion  (4 . 
The d ie lec t r i c  constant  round 
T c' ~s f requency-dependent  as can be 
seen in Fig. 3 for PLZT 12.0/55/45.  
In most  cases Tc', T t and tan6ma x in- 
crease wi th  increas ing  frequency,  
whi le  e'ma x decreases.  At temperatures  
far f rom Tc', in the FE and PE phases,  
f requency dependence  a lmost  vanishes 
The d ie lec t r i c  constant  as a 
funct ion of temperature  for all com- 
pos i t ions  and all measured  f requen-  
cies can be descr ibed  by a quadrat ic  
law of the type: 
-i - imax+C2 e =e (T_T c )2 (eq.l 
both above and be low Tc', however  
w i th  d i f fe rent  va lues of C 2. In Fig. 
4 this has been shown for two compo-  
s i t ions and wi th  T>T c' The tempera-  
ture interval  above T c' in wh ich  the 
d ie lec t r i c  behav iour  can be descr ibed  
by the above ment ioned  quadrat ic  law 
increased wi th  increas ing  La concen-  
t rat ion  and reaches 50 degrees or 
more. 
Be low T c' the d ie lect r i c  con- 
stant can be descr ibed  by this qua- 
drat ic  law in a re la t ive ly  small  tem- 
perature  region, wh ich  almost coin-  
c ides wi th  the temperature  region be- 
tween T c' and T t (4). 
X- r@~ d i f f rac t ion  measurements  
70 
In a former pub l i ca t ion  (4) 
there have been. g iven the unit  cel l  I 
d imens ions  as funct ion of the lantha-  
num concent ra t ion  for annealed pow- s c 
ders (~ z 3 ~m) at 20°C. For x < ii.0 
at.% La the mater ia l  c lear ly  shows 
te t ragona l  symmetry  (at 20°C). A nota-  
ble change in unit  cel l  d imens ions  5c 
as funct ion of La concent ra t ion  takes 
p lace round x = 11.5 at.% La. For 
the c/a rat io  espec ia l ly  this is very 
clear. For x > 12.0 at.% La the ma- 
ter ia l  st i l l  has a tegragona l  symme- 
try wi th  a very small  d i s to r t ion  
(c/a z 1.00). The c/a rat io in this 
case cannot  be measured  adequate ly  
f rom the X-ray ~ef lec t ion  l ines, but 
the asymmetr ic  form of some ref lec-  
t ion l ines ind icates  that the mate-  
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Dependence of I/g' on 
(T-Tc')2 for PLZT 8.1/55/45 
and PLZT 11.| /55/45 at 
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r ial  st i l l  has a te t ragona l  s t ructure  (for x = 12.0 at.% La the 
rat io c/a has been es t imated  as z 1.003 + 0.002, f rom the 002/ 
200 re f lec t ion  line, in which a small  shoulder  has been found, 
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~:~ ... .................... which has not been caused by the 
. . . . .  ~ ~ ~  ~ CuKs 2 radiation. 
Measurements of hysteresis loops 
In Fig. Sb there have been 
. . . .  given hystere~l-s loops (at 20oc) 
for PLZT 10.2/55/45 and PLZT 
12.8/55/45. For low La concentra- 
tions (x < ii.i at.% La) there 
have been found so-called square 
loops and for x > 12.0 at.% La 
FIG. 5a so-called 'slim' loops, the lat- 
ter occuring at temperatures lar- 
Hysteresis loop for PLZT ger than T t. 
10.2/55/45 at 20°C 
Discussion 
.... , . . . .  ~ Phase re!ations for PLZT x/55/45 
~ ~ i ~  ~ In classical ferroelectrics 
as e,g. BaTiO 3, one finds a phase 
transit ion between the ferroelec- 
tric (FE) and paraelectr ic (PE) 
..... ,0m. phases at a dist inct temperature~ 
At this Curie temperature diffe- 
rent properties show some remar- 
kable features, as for example 
the permitt iv ity is at a maximum, 
FIG. 55 crystal symmetry becomes cubic, 
Hysteresis loop fDl PLZT changes in crystal lographic pa- 
l2 0/55/45 at 20°C rameters occur and hysteresis loop 
• vanishes. However, in PLZT cera- 
mics a region between the FE and 
PE phase has been found which has 
not a true FE nor a true PE na- 
ture. In l iterature this region has been called quasi- ferroelec- 
tric (QFE) (2) or penferroelectr ic  (3). This QFE region has been 
described as a 'phase' which has no or only weak measurable fer- 
roelectr ic ity without applying an electric field. But on applying 
an electric field the material  becomes real ferroelectric.. This 
raises the question if the ferroelectr ic behaviour exists already 
at zero field or is induced by the field. As a consequence the 
hysteresis loops in the QFE region show a so-called 'slim-loop' 
behaviour, as can be seen in F ig.5b.  Moreover in this work it has 
been seen that there are some indications that the material is not 
entirely cubic in this QFE region, but still has a very little 
distort ion which may be used as an indication for the occurrence 
of micro-regions. 
It must be remarked that the 'phase-transition' FE-QFE has 
been characterised (2,3,4,5) by many phenomena which also occur 
at the FE-PE phase transit ion in classical ferroelectrics (a 
change in crystal lographic parameters, hysteresis loop changes in 
shape, dielectr ic losses are at a maximum). However the maximum 
value of the permitt iv ity does not occur at the 'phase transit ion 
FE'QFE, but at a dif ferent temperature, called the apparent Curie 
temperature Tc'. 
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Dielectr ic .behaviour of PLZT x/55/45 
A further discussion of the results shall have to treat at 
least the strong broadening of the e'-T curve and the frequency 
dependence of the dielectr ic properties. 
A broadening of the e'-T curve can be caused by four diffe- 
rent groups of causes: 
a) macroscopic inhomogeneit ies originating from the preparation 
procedure. 
b) internal stress effects caused by grain size (scale comparable 
with domain size). 
c) submicroscopic inhomogeneit ies (scale 50-i000~). 
d) relaxational polarization. 
As has been discussed in (4) macroscopic inhomogeneit ies and 
grain size don't play a major role with respect to:~the phenomena 
under discussion and in the materials which are reported here 
(mean grain size > 5 ~m). Microscopic inhomogeneit ies (50-i000~) 
within one phase remain as a possible cause of broadening. These 
inhomogeneit ies are in themodynamic equi l ibr ium at high tempe- 
rature and may be frozen in at lower temperatures. They include 
e.g. composit ional f luctuations (9-11). Thermal polar izat ion 
f luctuations (6-8) may be another form of submicroscopic inhomo- 
geneit ies causing broadening of the e'-T curves. 
The frequency dependence of some properties round T ' points 
to the occurrence of a relaxational polar izat ion mechanism. If 
this mechanism plays an important role the very large value of 
~' can be explained by assuming a contribution of very large 
d i~es  probably of a ferroelectr ic nature and connected with 
the microregions mentioned before. 
So we can dist inguish two contributions to the total pola- 
r ization and e': 
a) relaxational polarization. 
This is caused by a reorientat ion of the electric moments of 
polar micro regions with respect to the weak, electric (alter- 
nating) field. 
b) induced (electron-ion) polarization. 
It includes the contr ibution of a ferroelectric phase transi- 
tion. This transit ion may be sharp (one single T ) or diffuse 
(distribution of Tc). c 
Both contributions may play a role. At high frequencies only the 
contribution under b remains, which will be called e'~. 
For the moment furhter analysis and interpretation will be 
given fol lowing a model proposed by Isupov et al. (9,10,11) for in- 
terpreting diffuse phase transit ions in niobates. Essential ly 
they assumed the existence of a m£xture of polar and non-polar 
micro-regions (having volumes of z 104 cells). It was presumed 
that the polar micro-regions had dif ferent local Curie temperatures 
For the distr ibut ion of numbers of micro-regions, n(Tc), a 
Gaussian distr ibut ion was assumed around a mean Curie temperature, 
e.g. Tc', with a standard deviat ion 6. 
Under the above mentioned assumptions Kir i l lov and Isupov 
(Ii) derived an expression for E' in the form: 
2 I 
1 1 (T -Tc)  
- + 2 + higher terms (eq. 2) 
e"-e' e' 2e' 6 max max 
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TABLE 1 
Quadrat i c  Law Parameters  fo r  
PLZT x/55/45. (lOKHz) 
x (at.%) 10-3 ~'max C2 (108 °C-2) 
2.0 19.2 i 
4 .2  23 .8  
21 .7  
28 
21 
19 
16 
13 . i  
I0 .9  
9 .6  
6 .0  i 
1 
6.3 
6.9 
8.1 
8.7 
10.2 
II.I 
12.0 
12.2 
14.1 
5.4 
4.0 
2.3 
1.71 
1.36 
1.24 
1.07 
0.84 
0.86 
1.09 
1.17 
2223(°C] I
32 
33 
42 
46 
54 
69 
74 
69 
84 
If e '~and h iqher  terms, invol-  
v ing qT-Tc ' )  4, can be ignored 
(polar izat ion is main ly  re laxa-  
tional) eq. 2 is the same expres-  
sion as eq. 1 with: 
C 2 = (2e'max62)-1 (eq.3) 
In this work it has been 
shown (Fig. 4) that the d ie lec-  
tr ic behav iour  of (Pb,La) (Zr,Ti) 
03 ceramics  over  a cons iderab le  
temperature  interva l  can be des- 
cr ibed by a quadrat ic  law. In 
Table 1 the values of C 2, e'ma x 
and 6 have been co l lected for 
all measured  compos i t ions  above 
T c ' 
F rom Table  1 it can be con- 
c luded that C 2 passes through a 
min imum value as a funct ion of 
the La concentrat ion ,  whi le  6 increases cont inuous ly  wi th  increa-  
sing La concentrat ion.  Wi th in  the used model  this impl ies that 
the f luctuat ions  of local  T c va lues become more intense the lar- 
ger the La concenbrat ion  and the wider  (broader) the QFE region 
are. 
The occur rence  of a d i s t r ibut ion  of local Cur ie temperatures  
may be caused by compos i t iona l  f luctuat ions  in the sol id solut ion. 
Then it can be der ived f rom stat i s t ica l  cons iderat ions  that in a 
(pseudo) b inary  system and for a l inear re la t ionsh ip  between com- 
pos i t ion  and T c 6 reaches a max imum value as the rat io of the 
cat ion concent ra t ions  (here concent ra t ions  of d i f fe rent  types of 
ions in the same sublatt ice)  reaches the value one. Indeed 6 
increases together  w i th  the ra t io I~La  ] + [Pb-vacancies] ) /  [Pb]. 
The value of 6 is f requency 'dependent ;  for PLZT I~.0/55y45 
the standard dev ia t ion  6 of the T c d i s t r ibut ion  funct ion is 78°C 
at 1 KHz, 74oc at I0 KHz and 70°C at 500 KHz. So wi th  increas ing  
f requency 6 decreases.  This fo l lows f rom the model  too (contri-  
but ion-  and f ract ion of d ipo les  tak ing part  in the re laxat iona l  
po la r i za t ion  process  decreases  wi th  increas ing  frequency).  At very 
h igh f requency the shape of the E'-T curve should ref lect  the contr i  
but ion of the induced po la r i za t ion  only and the remain ing value of 
"6" would  then be a measure  for the d i f fuseness  of the "true" phase 
transi t ion.  
In p re l iminary  resul ts  there has been found a strong ef fect  
of the gra in size (1-8 ~m) of PLZT 8/55/45 on the broaden ing  of 
the e'-T curves round T c' (12). However,  gra in size did not or 
only weak ly  in f luence the ' f luctuat ion parameter '  6. For a mean 
gra in  size of 8 ~m there has been found a 6 of 42 ~ 2.5°C and for 
1.4 pm mater ia l  6 is 47 + 2.5°C. 
D ie lect r i c  behav iour  of some other  mater ia l sys tems 
The va l id i ty  of eq. 1 in a number  of other  systems has been 
tested w i th  the help of l i terature  values. 
With 6 > 20 degrees  and w i th in  a temperature  interval  of 
at least 30 degrees,  eq. 1 was obeyed by: 
a) a l imi ted number  of (AI ,A2)BO 3 perovsk i tes .  In most  cases a 
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normal Cur ie-Weiss  behav iour  is fol lowed~ 
b) a rather large number A(B I ,B2)O 3 perovski tes,  e.g. Ba(T ixSnl -  x) 
03 (13). 
c) a number of (AI,A2) !BI,B2!O q perovsk i tes  in which a very strong 
ef fect  occurs e.g. (PD,Ba) (Ti,Zr)O 3 (14). 
d) a number of n iobates with wo l f ram-bronze  and other structures 
e.g. BaxSr l_xNb206 (15). 
Because :in most cases the dependence on frequency was not invest i -  
gated, the meaning of 6 in these cases is mere ly  that of a dis- 
t r ibut ion of Cur ie temperatures  and does not imply a re laxator  
behaviour.  The lack of X-ray and grain size data causes that at 
the moment  nothing can be said on the phys ica l  background of the 
broadening in these cases. 
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